e BT




. . - )
1 e T s '

. ,\ fc m\% ! === "}-\

I M= = 315 22 .
S . ==

w1 S5 R




T —— Yy e g~ —

DlIG pnt LUk

7

ARL-STRUC-I'M- 467 £.R-004-5149

xiﬁ,

J3, AUSTRALIA &
eSSz

DEPARTMENT OF DEFENCE

DEFENCE SCIENCE AND TECHNOLOGY ORGANISATION
AERONAUTICAL RESEARCH LABORATORIES

MELBOURNE, VICTORIA

AD-A194 418

Siructures Techaical Meraurand.ara 1o’

XPERIMENTAL ASPECTIC OF USING 'TML-AVEWAGED
HOLOGRAPIIC NI FRFEROMETRY TO LEIET

! BARFL Y VISIRLE IMPACT DAY ATY I A Qe oI E/EPOXY
COMPOSTIL FLATE L)
{ [‘%“'Tx"g =
\ N s .
L= CTE .
MAY 2 49@ S I RUuMBLE

D
! e pEREEA SN T
T Aopto " T e 'l\‘.;{ 3 '
Approved for Pt L‘.. rdeon
Pistribution Unlupited

Apyprov ad for public release.

-

This work is copyright. Apart {irom en, fair dosiing vor the purpose

of study, reszarcn, criticism oi' revievr as perwriticd under the

“opyright A, no pert may be repreduced by any process without

' writter permiss on. Copynigh. i the respo sidilivy of the Director
\ Puhlizhing and Merketirg, AG?S. Ingwiries should Le directed to the

Managcr, (GPY Fress, Australian Gowoerament Publi 'hing Service,
GFQO Yox 84 Janderra, ACT 2601,
Commonwedith of Australia
AUGUST 1987

5

e I

.’
¢




Lt

AR-004-549

DEPARTMENT OF DEFENCE _
DEFENCE SCIENCE AND TECHNOLOGY ORGANISATION
AERONAUTICAL RESEARCH LABORATORIES * '

%

Yol
l
4

Structures Technical Memorandum 467

EXPERIMENTAL ASPECTS OF USING TIME-AVERAGED
HOLOGRAPHIC INTERFEROMETRY TO DETECT BARELY VISIBLE
IMPACT DAMAGE IN A GRAPHITE/EPOXY COMPOSITE PLATE (U)

by
S.J. Rumble

SUMMARY

Time-averaged holographic interferometry has been used to detect
barely visible impact damage in a graphite/epoxy plate. Details are given of
both the experimental and theoretical aspects of time-averaged holographic
interferometry, including temporal modulation of the laser light. Double
exposure holographic interferometry has also been used to detect barely
visible impact damage. {: . .. | -

POSTAL ADDRESS: Director, Aeronautical Research Laboratories,
P.0. Box 4331, Melbourne, Victoria, 3001, Australia
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1. INTRODUCTION

Graphite/epoxy composite materials are increasingly being used to improve
aircraft structural design. However, the material can suffer a form of damage
termed ‘barely visible impact damage’ (BVID), which can degrade the properties of
the material. In this type of damage, there can be significant delaminations, even
though externally only a very small indentation is visible. In a recent paper, Heller
and Rumble (1) investigated the potential for characterising the dynamic response of
a graphite/epoxy plate to indicate the presence and possibly the location of BVID.
The work included measurements of the natural frequencies and modal dampings
using accelerometer response, and determination of mode shapes using time-
averaged holographic interferometry. This paper provides more detail of the
experimental and theoretical aspects of the time-averaged holographic
interferometry referred to above. It also includes an extension of the holographic
interferometry (HD) work to temporal modulation of the laser light used in recording
holograms, and double exposure holographic interferometry using thermal stress to

induce deformations.
2. HOLOGRAPHIC INTERFEROMETRY

Holographic interferometry (HD) utilizes the ability of holography to store and
recreate the optical fields of an object. This enables the interferometric comparison
of the optical fields of an object which occurred at different times and with the
object in different states. A more detailed introduction to the general theory of
holography and HI has been given by Rumble (2) and has also been presented in

numerous texts (3-5).

The fundamental result of HI theory, for the case where two object fields are
stored (double exposure HD), is that the phase difference §¢ between the optical
fields from the same point Q on the object, is related to the displacement d of the

point as follows:
s5¢ = K .d )

where K is a vector defined by the optical arrangement used to illuminate and view

the object as shown in Figure 1. If the object was illuminated from a direction
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k,, and is later viewed through the hologram from a direction k, then the vector
K = k, - k, and is termed the sensitivity vector. The vectors k, and k, are the
propagation vectors of the incident and scattered light and both have magnitudes of
2n/A, where A is the wavelength of the laser light used. The actual intensity at the
point Q in the reconstructed image will depend on the relative intensities of the two
optical fields at Q and the phase difference §¢.

3. TIME-AVERAGED HOLOGRAPHIC INTERFEROMETRY

The fundamental result given above can be extended to include the case of a
vibrating object where the displacementd (1,m) of a general point Q(l,m) on the

object’s surface is varying as a sinusoidal function of time as follows
d (1,mt) = do(1,msin(et + ¢4), 2)
where d,, is the amplitude of a vibrational mode with angular frequency w.

In this case, as shown in Appendix I, the intensity I(1,m) in the reconstructed

image can be written as follows:
I(d,m = I, (1,mJ2lK .de(1,m1, (3)

where I, is the intensity of the stationary object and J, is the zero-order Bessel
function of the first kind.

The J2 term leads to the formation of fringes over the object’s surface. The
fringes form contours of equal levels of the peak to peak displacement of the object’s
surface during vibration in a given mode. The maximum of J2 at K .d,(1,m) = 0
corresponds in general to the zero displacement or nodal points, and hence nodes can

easily be identified as the brightest fringes.

The contoured images created in this form of time-averaged HI do not give
information about the phase relationships between points in the vibrating object.
However, this information can be obtained if the optical phasz of the reference beam
is sinusoidally modulated at the same frequency as the vibrating object. It is shown
in Appendix I that in this case the intensity I(1,m) in the reconstructed image has the
form

(l,m = I, A, mJ3(EK .d,(1,m)? + #i, - XK .do(l,m)cprocos ¢°(l,m))]k],(4)
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where o is the amplitude of the optical phase modulation, and &,(1,m) is the phase
difference between the reference beam optical phase modulation and the vibrational

phase at the point Q(,m).

If the vibrating object has only two phases (&, = 0° and 180°) then the
argument of the Bessel function reduces toK .d,(1,m) - *ro for 0° and
K .do(1,m + ¢ro for 180°. The brightest fringe on the image will now occur
whereK .d,(1,m) & ¢ro = 0. Hence the bright fringes that were located at
vibrational nodes on an image recorded without phase modulation, will have moved
towards some anti-nodes and away from the others in an image recorded with optical
phase modulation. Further discussion of the use of temporal modulation techniques

in HI to determine the phase of vibration objects can be found in references 3,6-8.
4. SPECIMEN

In this work, time-averaged HI was performed on a graphite/epoxy composite
plate, vibrating in a cantilever arrangement. The specimen had a material

designation of XASfibre/914 resin. The layup of the plate was (+45/0,) and its in

3s
plane dimensions were 73mm x 225mm with a thickness of approximately 2.9mm.
The specimen was inspected using an ultrasonic C-scan before testing to confirm

that it was undamaged.
5. HOLOGRAPHIC PROCEDURE

The optical arrangement used to record the time-averaged holograms is shown
in Fig. 2. The limited optical bench space available, and the size of the specimen
necessitated the use of two plane mirrors to gain maximum expansion and hence
uniformity of the specimen and reference illumination beams. The holograms were
recorded on Agfa 8E56 holographic plates using the 514.5nm green line from an argon
laser. A one to one ratio between the reference and specimen intensities at the
plate was used. The 8E56 plates were exposed for three seconds, which would have
corresponded to ND2 to ND2.5 after fixing. However, in this work, phase holograms
were created using a reversal bleach technique. The holograms were photographed
using Iiford FP4 film. The film was processed in IlIford PQ universal developer to

give maximum contrast.

ring
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6. EXCITATION PROCEDURE

The specimen was firmly clamped at one end as shown in Figs 3 and 4, and a
sinusoidally varying excitation force was applied laterally at the free end. The
dynamic response of the specimen was determined using a small accelerometer
(PCB309-A) attached near the free end. The excitation force was supplied by a Ling
409 electro-magnetic shaker which was initially driven by an ARL high output
impedance amplifier connected to the 0 degree output of a Muirhead D-88-A two
phase oscillator. In later tests, problems with the amplifier necessitated the removal
of the ARL amplifier and use of the oscillator to directly drive the shaker thus

resulting in lower available excitation levels.

The 90 degree output from the oscillator and the accelerometer response were
displayed in X-Y mode on an oscilliscope. Observation of the accelerometer
response on this display, as the frequency was varied, enabled the determination of
the modal frequencies. The voltage levels were used to calculate the peak to peak
displacements of the specimen at the accelerometer using the relationship
x = a/w?, where x is the displacement, a the acceleration and w the angular
frequency of the vibration.

During the tests the excitation force was coupled to the specimen in a variety
of ways. Initially a pushrod with an approximately 1cm diameter ball at its end was
glued to the specimen with Araldite. Results obtained with this arrangement are
shown in Figs. 5-8.

7. EXPERIMENTAL DIFFICULTIES

To investigate the sensitivity of the experimental arrangement to the
clamping and excitation conditions, the specimen was removed and replaced. During
removal, it was noted that the Araldite bond had weakened considerably. After
replacement of the specimen and using a firm Araldite bond further attempts to
record time-averaged holograms were unsuccessful. At this stage a number of
excitation coupling techniques were attempted, including the use of wax, and high
viscosity ultrasonic shear wave coupling fluid as the bonding between the lem ball
and the specimen. Also a direct coupling between the pushrod and the specimen was
attempted (shown in Fig. 4). Again attempts to record time-averaged holograms
were unsuccessful.

Tem—T— e T
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The problem was resolved when it was recognized that the amplifier output
had a small 50Hz component and hence the specimen was being driven at 50Hz as
well as the oscillator frequency. A 50Hz component had been observed in the
frequency spectrum of the accelerometer signal. However this signal had been
discounted as being due to direct 50Hz interference in the accelerometer leads and
preamplifier. Removal of the amplifier, and the use of the oscillator to directly
drive the shaker which was directly coupled via the pushrod to the specimen, enabled

good quality time-average holograms to be recorded.

8. DAMAGED SPECIMEN

The tests proceeded to the next stage in which barely visible impact damage
was produced in the specimen. The impact damage was imparted on the back face of
the specimen using an ARL impact rig to drop a 9kg impactor from a height of 0.5m
on to the specimen which was firmly clamped in a support structure. The amount of
damage was determined using an ultrasonic C-scan. The result of this scan is shown
in Fig. 9. This figure shows the damage in a plane at 0.9 of the thickness from the
impacted face and this is the plane of maximum damage. The spanwise length of this
damaged region was approximately 40mm, which constitutes a significant degree of
damage. Time-averaged holograms of the damaged specimen were recorded for the

vibrational modes with adequate response. These are shown in Figs. 10-12.

9. VIBRATIONAL PHASE DETERMINATION

The vibrational phase of the various regions in a number of modes were
investigated using the technique of temporal modulation of the reference beam. The
modulation was achieved by including in the optical path of the reference beam, a
mirror mounted on a piezoelectric translator. The application of a voltage to the
translator causes a movement of the mirror, and thus alters the reference beam path
length and hence the relative optical phase of the reference beam at the holographic
plate. The optical arrangement is shown in Figs. 13 and 14.

The electrical excitation system was arranged so that the electromagnetic
shaker and translator could be driven at the same frequency but with a variable
phase relationship. This was achieved by connecting the 0 degree phase output of a
two phase Muirhead oscillator to a HP3314 function generator, which could be phase
locked to the oscillator but with variable phase offset. The 90 degree output from
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the oscillator drove the translator. The translator drive signal and the
accelerometer response were monitored on a dual channel HP3582A Fourier analyser

which enabled the phase difference between the two signals to be determined.

A number of holograms were recorded with different phase relationships
between the exciting force and the temporal modulation of the reference beam, and
also different amplitudes of movement of the tramslator. Examples of these

holograms are shown in Figs. 15 to 18.

10. DOUBLE EXPOSURE HOLOGRAMS WITH THERMAL STRESSING

After the vibrational investigation of the damaged specimen, double exposure
holograms were recorded on the front and back surface of the specimen. For these
tests the specimen was heated to approximately 40°C and the first of the double
exposure holograms was recorded. A second exposure was recorded on the same
holographic plate, after a time lapse of approximately one minute. The results of
these tests are shown in Figs. 19 and 20.

11. DISCUSSION

The photographs of the reconstructed images using time-averaged holography,
shown in Figs. 5-8 and Figs. 10-12, clearly display fringes contouring the specimen.
The relationship between the intensities of the bright fringes in these photographs
are not representative of the actual intensities as the contrast has been improved in

the photography stage.

For the illumination and viewing directions, and wavelength used in producing
these images, the fringes contour points of equal displacement amplitude, with a
contour interval of 0.3 micron. A quantitative examination of the modal shapes of

the specimen was not performed.

The photographs of the time-averaged holograms for the damaged specimen,
vibrating in modes with frequencies 1157 Hz, 2160 Hz, and 2340 Hz, are shown in
Figs. 10-12. In Fig. 10, indication of the damaged region appears as a dark spot in an
otherwise bright region. In Figs. 11 and 12, the indication of the damaged area

appears as a perturbation of nearby fringes.
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The effect of temporal phase modulation of the reference beam is shown in
the comparison of Figs. 10,15 and 16. All these Figures show the specimen vibrating
at 1157 Hz. Fig. 10 was recorded with no modulation. Both Figs. 15 and 16 were
recorded with the same amplitude of optical phase modulation but with 180° phase
difference between the optical phase modulation and the vibrational phase at the
accelerometer. The region of the brightest fringe in Fig. 10 is occupied by a dark
fringe in Figs. 15 and 16. In Fig. 15 the brightest fringes have moved to different
regions when compared to Fig. 16. This indicates that these two regions were
vibrating with a 180° phase difference. The contrast and appearance of the damaged
region has also altered significantly in Figs. 15 and 16. Figs. 11,17 and 18 show
similar behaviour to that discussed for Figs. 10,15 and 16 respectively. In this case

the vibrational frequency was 2160 Hz.

In the double exposure holograms, shown in Figs. 19 and 20, the fringes
contour points on the specimen which have the same »onrojection of their
displacements onto the sensitivity vector. The displacement of the points was
caused by the thermal contraction of the specimen as it cooled from 40°C. In the
vicinity of the damaged region the fringes are anomalous and clearly indicate the

location of the damage.

At present the holographic techniques used in this work require extreme
vibration isolation of the optical components and exposure in dark room conditions.
This degree of vibration isolation is not required if a high power pulsed laser is used,
and also exposures can be made in ordin: vy laboratory conditions. The development
of a holographic system incorporating a pulsed laser is currently in progress. Further
developments include the use of a photothermoplastic camera to perform real-time
holography in which the fringes can be observed at the time of the experiment, and
not after subsequent photographic processing and reconstruction of the holographic
image. This enables the loading and excitation conditions to be varied so as to give
the maximum amount of information. The capture of the fringe images using a diode
array camera and subsequent computer processing can also result in the acquisition
of more useful information. This can include the calculation of whole field strains

over complex shapes.

—g——
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12. CONCLUSIONS

The ability of holographic interferometry to store and recreate the optical
fields of an object has been used to visualize the amplitudes of displacement of
various vibrational modes of a graphite/epoxy plate. Indications of anomalous
displacements have enabled the detection of barely visible impact damage in the
graphite/epoxy plate. The theoretical background to the formation of the fringe-
contoured images of the vibrating specimen has been presented.
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APPENDIX I - Brief theory of time-averaged huiographic interferometry

Consider an object illuminated with monochromatic, coherent light. The
resultant electric field E at any given point will be varying sinusoidally at a single
frequency and with constant amplitude and phase. It can also be correlated with

other points in the optical field. This variation can be expressed as follows:

E(x,y,2z) = E,(x,y,2) cos(2mvt - ¢(x,y,2)). (A.1)

The single frequency nature of the light enables a complex amplitude notation

to be used for the electric field. This has the form
E(x,y,z,t) = | E(x,y,z) | exp{- i¢(x,y,2)}. (A.2)
This notation will be used in the following discussion.
Consider an object illuminated with monochromatic, coherent light and which
is vibrating in a mode with angular frequency «. Let the complex amplitude due to
the scattered light from a general point Q(!,m) on the vibrating object and at time t

be as follows:

O(l,m,t) P O(l, m) | exp { - il2(l,m) + ©(1l,m, t)I},

it

(A.3)

= O(l,m) exp {0(1,m,1)}

where O(,m) = | O(1,m) | exp{- i®(l,m)} would be the complex amplitude of the
stationary object, and 0(1,m,t) contains the time dependence of the complex
amplitude phase which arises due to the vibration of the object. The 6 term can be
defined as follows:

e(l,mt) = - k, .d (I,m,t), (A.4)
where k, is the propagation vector of the incident light and

d = d,(1,m) sin(wt + ¢,) is the displacement orf a general point Q(I,m) on the

object vibrating with angular frequency «, phase ¢, and amplitude d,,.
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v Let the complex amplitude at a photographic plate (in the x,y plane), due to
the scattered light from a general point Q(1, m) be given by

ﬂ o(x,y,1,m,t) = | olx,y,l,m) | exp{-iletx.t,1,m) + o(x,y,1,mt)}},(A.5)

5 where | o(x,y,l,m) | exp{-i¢(x,y,l,m)} would be the complex amplitude due to
the stationary object, and 0(x,y,1,m,t) contains the time dependence of the

complex amplitude phase. The © term can be defined as follows:
O(x,y,l,m,t) =I$ (51'52)“! (lvm-t)v (A.8)

whereK = k, - k, is the sensitivity vector,k, and k, are respectively the
propagation vectors of the incident and scattered light, and d has been defined

above.

If in addition to the object field, a plane wave is allowed to fall at an
angle y to the photographic plate, then the variation of the complex amplitude due

to this beam is

r{x,y) = r exp{i2ngx), (A.7)
{
\
where ¢ = sin(y)/A, and A is the wavelength of the monochromatic illumination.
This beam is called the reference beam.
The photographic plate responds to the intensity of the superposition of these
7 ; two fields. The resultant intensity at the plate due to point Q(1,m) and at time t is

]

I(x,y,t) P o(x,y,t) + r(x) 2,
{ (A.8)

= 1012+ 1 r !?2 + or* + ros,

(r* and o* are the complex conjugates cf r and o respectively).
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Consider initially that the photographic plate is exposed to this intensity
distribution at a fixed time. If the photographic plate is processed so that its
amplitude transmittance t(x,y) is linearly related to intensity then it can be shown
(see for example reference 3) that it is the or* term in the above expression that is
responsible for the reconstruction of the original object field at the plate. The
reconstruction occurs when the developed photographic plate or hologram is
illuminated with the same reference beam that was used to expose it. The complex

amplitude of the transmitted or reconstructed wave u(x,y) is then given by

ulx,y) = t(x,y)r(x,y),

o, 0(x,y)r*(x,y)r(x,y),
(A9

]

a,0(x,y)r?,

a,0(x,y),

where a; and a, are constants. Equation A.9 shows that the reconstructed wave
u(x,y) at the photographic plate is proportional to the object wave o(x,y) that was
present during the exposure. Thus an optical imaging system will form the same

image when viewing the original wave o(x,y) or the reconstructed wave u(x,y).

The discussion in the above paragraph concerns the case at a fixed time. In
the case of a vibrating object, the intensity distribution at the photographic plate
will be varying with time due to the phase variations of the object field. However,
the electric field of the object beam will vary much more rapidly than the phase
variation due to the vibration of the object. The resultant intensity distribution on
the photographic plate can thus be considered to be the sum of many intensity
distributions, each recorded at slightly different object positions. Therefore the
reconstructed wave will enable the formation of an image that will be the time
average of many images reconstructed by holograms each recorded at slightly
different object positions. Thus, if 8 hologram that has been recorded as the object
is vibrating, is viewed by an optical system, then the image formed will correspond
to an object with the scattered amplitudes equivalent to the time-average of the
scattered amplitudes of the vibrating object. The effective scattering amplitude
O (1,m) from the vibrating object will have the following form

oam = I [Tiodm i expl-ilal,m + 6 (I,mK DL, (A10
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where
6 (1,mK,t) = K (k, ,k;).d (I,m), (A.11)
and T is the exposure time. Thus
. . . 1 T .
O (,m =i 0(l,m | expi-ie(l,m} T [o exp{-iK.d )dt,

(A12)

1]

OC1,mM K .d ),

where Mn is known as the characteristic function. This equation indicates that the
equivalent object to the image formed in a time-averaged hologram is a function of
the viewing direction due to the dependence of the characteristic function on the
sensitivi'ty vector K. If the exposure time is long compared to the period of
vibration (T >> 2n/w) then the characteristic function Mg can be expressed as

follows

MK .d) lim L j T expl-iK .d,(1,m)sin(wt + ¢,)}dt,
- -~ I~><n I o ~ -
(A.13)

JolK .d(1,m1,

where J, is the zero-order Bessel function of the first kind. The intensity in the

reconstructed image is then

I(l,m) = | O (l,m)Mr(l,m) P2,
(A.14)
=I,(x,y)J3IK .d,(1,m)],

where I, is the intensity of the stationary object.

-

rdd
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PHASE MODULATION OF THE REFERENCE BEAM

Consider a case where the phase of the reference beam used to record the
hologram is modulated at the frequency of vibration. This modulation can be simply
accomplished by incorporating in the reference beam path a reflection from a mirror

mounted on a piezoelectric translator.

4 In this situation equation A.7 becomes

r(x,y,t) = r exp{il2ngx + q:r(t)l) (A.15)

r(x,y) exp(i¢r(t)},

where ¢>r(t) = ¢rosin(ut + 8) and ¢ro is the amplitude of the phase modulation
and 6 is the phase of the modulation relative to some point on the vibrating object.
The resultant intensity at the photographic plate due to the general point Q(,m) and

at time t is

I(x,y,t) = ! o(X,¥,t) + r(x,y,t) i?,
(A.16)
i = 1o i?+1r !? +or« + ro*,
\ As stated previously the or* term is responsible for the reconstruction of the original
object field at the plate. This term is given by
or* = olx,y,t)r*(x,y,t), (A.17)

o(x,y) | exp {-il¢(x,y) + 6(x,y,t)]1}r exp (il2nzx + ¢r(t)l)

* 1
L U o(x,y) | exp {-il¢(x,y) + 6(x,y,t) + ¢r(t)])r exp{i2nzx}.

This shows that the effect of the modulated reference beam can be considered to be
an additional phase variation of the scattered light from the object.

On reconstruction, an unmodulated reference beam is used. Thus, following
the previous arguments which lead to equation A.10, the equivalent object will now
be given by

r-v
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oam-L [T 00m i ep-item + o (mK v + o (DL,
(A.18)
om & [T oexp -ite (LmK,0) + ¢ (0)1)aL,
~ r
Now as
6 (1,mK,t) + ¢r(t) =K .d sinwt + ¢4)+ Pro sinfwt + &), (A.19)

(K .d,)2 + q:;o + 2K .d°¢r0cos(¢o - 5)]1’2 sin (wt + 8),

]

then O (1,m) can be written as follows

O A,m) = Od,m)Mp (A.20)
where

%
Mp = J L& .d)? + qa:;o + & dye coslo, - §11° F. (A2D

The intensity in the reconstructed image is then

Lm = LA mIEIE do)? + 02, + K .dop_ cosCo, - 81171 (A.22)
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FIG. 5. HOLOGRAM AT 434 Hz FOR UNDAMAGED SPECIMEN

FIG. 6. BOLOGRAM AT 1125 Hz FOR UNDAMAGED SPECIMEN




FIG. 8. HOLOGRAM AT 2100 Hz FOR UNDAMAGED SPECIMEN
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FIG.

FIG.

10.

11.

HOLOGRAM AT 1157 Hz FOR DAMAGED SPECIMEN

HOLOGRAM AT 2160 Hz FOR DAMAGED SPECIMELN
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FIG. 12. HOLOGRAM AT 2340 Hz FOR DANAGED SPECIMEN




FIG. 13. ARRANGEMENT OF OPTICAL COMPONENTS

Photographic
plate

j Clamped

5"specimen Piezoelectric
/ translator
Spatial
filter
Variable
<:> beamsplitter
IV
Ir
Spatial
filter

| Shuttcr

]

FIG. 14. SCHEMATIC DIAGRA!M OF OPTICAL ARRANGLMENT




FIG.

15.
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HOLOGRAM AT 1157 Hz FOR DAMAGECD SPECIMEN
AND WITH TEMPORAL MODULATION OF REFERENCE
BEAM. ZERO PHASE DIFFERENCE BETWEEN
PIEZOELECTRIC TRANSLATOR AND ACCELEROMETER
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FIG.

16.

HOLOGRAM AT 1157 Hz FOR DAMAGED SPECIMEN
AND WITH TEMPORAL MODULATION OF REFERENCE
BEAM. 180° PHASE DIFFERENCE BETWEEN
PIEZOELECTRIC TRANSLATOR AND ACCELEROMETER




FIG.

17.

HOLOGRAM AT 2160 Hz FOR DAMAGED SPECIMEN
AND WITH TEMPORAL MODULATION OF REFERENCE
BEAM. ZERO PHASE DIFFERENCE BETWEEN
PIEZOELECTRIC TRANSLATOR AND ACCELEROMETER




FIG. 18. HOLOGRAM AT 2160 Hz FOR DAMAGED SPECIMEN
AND WITH TEMPORAL MODULATION OF REFERENCE
BEAM. 180° PHASE DIFFERENCE BETWEEN
PIEZOELECTRIC TRANSLATOR AND ACCELEROMETER
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FIG.

19.

DOUBLE EXPOSURE HOLOGRAM OF THE BACK FACE

OF THE DAMAGED SPECIMEN, USING THERMAL
STRESSING
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DOUBLE EXPOSURE HOLOGRAM OF THE FRONT FACE
OF THE DAMAGED SPECIMEN, USING THERMAL
STRESSING

FIG. 20.
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